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Summary
Bacterial cytochrome c peroxidases contain an elec-
tron transferring (E) heme domain and a peroxidatic
(P) heme domain. All but one of these enzymes are iso-
lated in an inactive oxidized state and require reduc-
tion of the E heme by a small redox donor protein in
order to activate the P heme. Here we present the
structures of the inactive oxidized and active mixed
valence enzyme fromParacoccuspantotrophus. Chain
flexibility in the former, as expressed by the crystallo-
graphic temperature factors, is strikingly distributed
in certain loop regions, and these coincide with the re-
gions of conformational change that occur in forming
the active mixed valence enzyme. On the basis of these
changes, we postulate a series of events that occur
to link the trigger of the electron entering the E heme
from either pseudoazurin or cytochrome c550 and the
dissociation of a coordinating histidine at the P heme,
which allows substrate access.
Introduction
Bacterial di-heme cytochrome c peroxidases (CCPs)
catalyze the two-electron reduction of H2O2 to H2O by
soluble one-electron donors such as cytochrome c and
cupredoxins (Ellfolk and Soininen, 1970). Unlike their eu-
karyotic counterparts, CCPs contain two heme c groups
covalently attached to a single polypeptide chain. The
P (or peroxidatic) heme is low potential and low spin in
the oxidized enzyme and becomes high spin and acces-
sible to ligands such as hydrogen peroxide or cyanide in
the mixed valence enzyme (Ellfolk et al., 1983; Gilmour
et al., 1993). The E (or electron-transferring) heme is high
potential. It exhibits a high spin-low spin equilibrium in
the oxidized enzyme and becomes low spin on reduction
in the mixed-valence enzyme (Foote et al., 1985). The
crystal structure of the oxidized enzyme from Pseudo-
monas aeruginosa (Psa) showed that the P heme is coor-
dinated by two histidine ligands and the E heme by a his-
tidine and methionine (Fu¨lo¨p et al., 1995). Reduction of
the E heme is required in order for the enzyme to be
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Oxford, Oxford OX1 3QU, United Kingdom.activated (Foote et al., 1992; Gilmour et al., 1994). Crys-
tallographic studies of the oxidized enzyme from Nitro-
somonas europaea (Nie) showed that the P heme is
coordinated to a distal water and a proximal histidine
(Shimizu et al., 2001). The Nie enzyme was known to be
unusual in showing activity in the oxidized state (Arciero
and Hooper, 1994). In the case of Nie CCP, this was con-
sistent with the weak field ligand at the P heme and the
presence of a porphyrin radical signal after reaction with
hydrogen peroxide (Arciero and Hooper, 1994). Shimizu
et al. (2001) suggested that the conformation of the oxi-
dized Nie enzyme would resemble the conformation of
the mixed valence enzyme from other sources.
The structure of Pseudomonas nautica (Psn) CCP in
two conformations has been reported by Dias et al.
(2004). Although the authors identify these as the resting
and activated conformations, the crystallization of the
former was achieved at pH 4 and was associated with
disruption of the calcium ion binding site and the sur-
rounding region.
Paracoccus pantotrophus (Pap) cytochrome c perox-
idase is a soluble periplasmic protein (Goodhew et al.,
1990), induced in conditions of low oxygen under the
control of the FNR protein (Van Spanning et al., 1997).
It catalyzes the oxidation of two small redox proteins,
cytochrome c550 and pseudoazurin, which compete for
binding at the exposed edge of the E heme (Pauleta
et al., 2004a, 2004b).
Ca2+ was essential for the reductive activation of the
Pap enzyme (Prazeres et al., 1993). In the absence of
Ca2+, reduction at the E heme did not promote a change
in coordination at the P heme. Ca2+ is also claimed to be
involved in the stabilization of the enzyme in the dimer
form. Enzyme treated with EGTA is monomeric (Petti-
grew et al., 2003) and inactive (Gilmour et al., 1994).
Breaking the communication between the two hemes
can also be achieved by modification of a conserved his-
tidine (275) or cleavage of a single peptide bond (250–
251) by subtilisin (McGinnity et al., 1996).
Determination of the crystal structures of the oxidized
and mixed valence enzymes allow us to explore the na-
ture of the activation mechanism.
Results and Discussion
Intrinsic Chain Flexibility and Extensive Structural
Changes upon Activation
Although the two redox forms of the Pap CCP have sim-
ilar overall structures (Figures 1A and 1B), the superim-
position of 262 common Ca atoms gives 0.84 A˚ root
mean square (rms) deviation, there are striking localized
conformational differences. This is consistent with the
loss of diffraction of the oxidized crystals when chemi-
cally reduced in situ. The pair of Pap CCP redox state
structures reported here represents, to our knowledge,
the first case in which the inactive and the activated
forms of a cytochrome c peroxidase have been solved
at physiologically relevant pH. They therefore present
the opportunity to examine in detail the conversion of
one form to the other. The Pap CCP structure in the
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108Figure 1. The Structure of Bacterial CCPs
Flexible regions are color coded: regions are
80–92 (red), 105–132 (yellow), 225–257 (green)
and 290–300 (blue), using Pap CCP sequence
numbering. The hemes, the calcium ion, and
some key residues in the Pap structures are
in ball-and-stick representation. (A) Oxidized
Pap (this work). (B) Mixed valence Pap (this
work). (C) Oxidized Psa (PDB: 1EB7). (D) As-
isolated Nie (PDB: 1IQC). (E) Oxidized Pap
color-ramped blue to red from low to high
temperature factors (B factors). Figures were
drawn with MolScript (Kraulis, 1991; Esnouf,
1997) and rendered with Raster3D (Merritt
and Murphy, 1994).oxidized state is very similar to Psa CCP (Figure 1C)
(Fu¨lo¨p et al., 1995) with an overall rms of 0.95 A˚ over
297 common Ca atoms. The mixed valence state Pap
CCP resembles the constitutively active but oxidizedNie CCP (Figure 1D) (Shimizu et al., 2001) with an overall
rms of 0.77 A˚ for 296 Ca atoms. These similarities are
consistent with the homologous sequence alignment
(Figure 2) and with the pattern of biochemical properties
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109Figure 2. Sequence Alignment of Bacterial
CCPs of Known Structure
The amino acids are shown in the single letter
code. The two black boxes highlight the posi-
tion of the residues at the heme site (P heme
for the first one and the E heme for the second
black box). Regions highlighted by a thick line
box correspond to regions of large structural
changes upon activation. The color code used
is the same as in Figure 1. These four regions
coincide well with high temperature factor
values (c.f. Figure 1E). Barrels represent a he-
lices and arrows represent b sheets for the
secondary structure of the oxidized (ox) and
mixed valence (mv) forms of Pap CCP. The
sixth axial heme ligands are marked with as-
terisks (*) and the key His275 residue by a
dot ().of these enzymes. The close structural similarity be-
tween the mixed valence Pap CCP and the oxidized
and active Nie CCP is consistent with the biochemical
studies (Gilmour et al., 1994) showing that the mixed
valence enzyme is active. Therefore, the comparison be-
tween these two structures is particularly interesting,
and the question of why Nie CCP is not isolated in an in-
active oxidized state can be addressed.
The comparison of the two Pap structures highlights
four regions, which adopt a different conformation in the
two redox forms (80–92 red, 105–132 yellow, 225–257
green, 290–300 blue; Figures 1A, 1B, 3A, and 3B), show-
ing that conformational changes are localized in 25%
of the molecule. These four regions are not scattered
through the molecule but are located near the two heme
groups. In the oxidized form, all four regions are either
disordered or have high B factors (Figure 1E). This re-
flects an intrinsic flexibility, which is likely to be impor-
tant for the transition between inactive and active forms.
The B factors for the same regions in the mixed valencestructure are low or average with the exception of the
290–300 region, which shows elevated values. One of
these regions of conformational change is at the P heme
site, where the loop carrying the histidine ligand (resi-
dues 80–92, referred to as the His-ligand loop) leaves
the P heme iron for the dimer interface. This conforma-
tional change upon reduction was anticipated on the
basis of the constitutively active Nie CCP structure (Shi-
mizu et al., 2001).
In the oxidized form, the His-ligand loop is mainly sta-
bilized by internal hydrogen bonding within the loop, but
there is also interaction with two residues from the 105–
132 flexible region (109 and 122). In the mixed valence
form, polar interactions between residues of the His-
ligand loop are still present (although not between the
same residues). In addition, there are more extensive
interactions with the rest of the protein, in particular,
with the 105–132 region (residues 111, 127, and 128)
and between Arg92 and Asp243 in the 225–227 flexible
region.
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(A) Domain interface of the oxidized Pap CCP looking down at the noncrystallographic 2-fold axis. Color code is the same as used in Figures 1
and 2. The hemes, the calcium ion, and some key residues in the Pap structures are in ball-and-stick representation.
(B) Domain interface of the mixed valence form Pap CCP shown as in Figure 3A.
(C) Close view of the peroxidatic heme site and dimer interface of the mixed valence form ofPapCCP. The loop carrying His85 moves away to the
interface of the homodimer. This structure is stabilized byp-stacking interaction between the aromatic side chain of Trp87 and the peptide bond
of Gly72 of the opposite chain (labeled as G72B). The peroxide binding site is occupied by a water molecule, which is hydrogen bonded to Gln118
and Glu128. The corresponding residues in the oxidized form are shown in red.
(D) Stereoview of the electron-transferring heme of the mixed valence form of Pap CCP. The propionate D group of the heme undergoes a
conformational change upon reduction and loses the interaction with the main chain amide of Leu230. The corresponding conformation in
the oxidized form is shown in red. The SIGMAA (Read, 1986) weighted 2mFo – DFc electron density using phases from the final model of the
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a helix, is located at the domain interface in the oxidized
structure, and part of the chain is disordered. Upon re-
duction it forms a long helix and moves toward the P
heme, bringing residues into the heme pocket, which
are potentially important for catalysis. These include
Glu128, which is hydrogen bonded to the water mole-
cule at the sixth iron coordination site (Figure 3C).
Other conformational changes are located at the inter-
face between the two domains. The region 225–257,
which forms an antiparallel b sheet near the E heme in
the oxidized structure, is displaced to the domain inter-
face upon activation. The secondary structure gets
slightly rearranged; two short b strands (residues 228–
232 and 247–250) are converted to long loops and a short
helix (247–250). The flexibility of this loop correlates with
its susceptibility to proteolysis at the peptide bond 250-
251 by subtilisin (McGinnity et al., 1996) and with the dis-
ordered nature of this region in Psa CCP (Fu¨lo¨p et al.,
1995), which is also susceptible to proteolytic cleavage.
In the oxidized form, eight interactions contribute to
the maintenance of the antiparallel b sheet of the 225–
257 region. The loop connecting the two b strands is held
in place by extensive polar interactions with the Arg246
side chain. Five interactions are present with residues
belonging to the 105–132 region at the base of the
b sheet, and three polar interactions are made with the
290–300 region. In the mixed valence form, these inter-
actions maintaining the integrity of the antiparallel
b sheet are lost as the region folds in on itself and loses
its b-type secondary structure. This results in the ap-
pearance of new interactions with neighboring residues.
Six interactions with the 290–300 region are formed.
Only one polar interaction is retained with the 105–132
region, and a new interaction forms between Asp243 and
residue Arg92 of the His-ligand loop.
The conformation of the 290–300 region is linked to
that of the 225–257 loop. In the mixed valence enzyme,
hydrogen bonds are formed between the main chain car-
bonyl of Ala292 and the main chain amides of Ile231 and
Ala232; the side chain carboxamide (Oe1) of Gln293 and
the main chain amides of Gly229 and Leu230; and
the main chain carbonyl group of Pro227 and Ne2 of
Gln293. There is also a hydrogen bond between the
main chain amide of Gln293 and the carbonyl oxygen
of Met289; the latter residue is one of the axial ligands
of the E heme (Figure 3B). This extensive network of hy-
drogen bonds is absent in the oxidized enzyme. The for-
mation of these interactions highlights the structural link
between the 290–300 and the 225–257 regions. The re-
duction of E heme results in the movement of the 290–
300 loop closer to the heme (Figures 1A and 1B).
One other region (28–38) corresponds to an insertion
in Pap CCP sequence that is not present in other bacte-
rial CCP sequences (Figure 2). This region displays high
B factor values in both redox structures and is also par-
tially disordered in the oxidized form (Figures 1A, 1B, 1E,
3A, and 3B). In both redox forms this loop is solvent ex-
posed and formed by two antiparallel b strands. It is in-
volved in crystal packing interactions via salt bridges in
the oxidized Pap CCP.His275 and Redox State-Dependent Changes
at the E Heme
The coordination of the E heme by His215 and Met289 is
unaltered in the two redox states. Although the Met S-Fe
bond length is an important determinant of the relative
stability of the ferric and ferrous states and therefore
of redox potential (Moore and Pettigrew, 1990), we can-
not evaluate this important parameter since it was re-
strained to its target value of 2.3 A˚ during the refinement
of the structure. However, redox state-dependent heme
differences are apparent at the propionate groups (Fig-
ure 4, see also Figure 1). In the oxidized structure, the
E heme propionate D group interacts with His275 Nd1
(a residue which is strictly conserved among bacterial
CCPs; Figure 2) and the backbone amide of Leu230. The
latter interaction is lost upon reduction of the E heme
(Figure 3D). This leucine residue belongs a b strand,
which becomes unstructureduponactivation (see above).
The remaining interaction between this propionate
D group and Nd1 of His275 is also altered, with the propi-
onate group undergoing a reorientation that carries the
His275 side chain with it. McGinnity et al. (1996) showed
that His275 was essential to the activation process.
Modification with ethoxyformic anhydride blocked for-
mation of the high spin state at the P heme and inacti-
vated the enzyme. These authors also found that modifi-
cation of this residue was readily accomplished in the
oxidized enzyme but that the mixed valence enzyme
was much more difficult to modify. They proposed that
this was consistent with an essential conformational
change accompanying reduction at the E heme which
led to burial of His275. These aspects of accessibility
to modification are confirmed by the comparison of the
oxidized and mixed valence structures. In the latter, the
Ne2 position of His275, although just visible at the sur-
face, is much less exposed (1 A˚2) than in the oxidized
form (19 A˚2). The ethoxyformylation of this histidine in the
oxidized form may inhibit the conformational changes
associated with its burial when the E heme is reduced,
and this may prevent activation of the enzyme. The cor-
responding histidine inNieCCP (His244) is also buried in
the structure (1 A˚2), which is consistent with our proposal
that the mixed valence Pap CCP structure and the Nie
CCP structure are equivalent states in spite of the redox
difference.
We discuss below the possibility that a redox Bohr
effect at the E heme and involving propionate D and
His275 is the coupling mechanism which links reduction
of the iron to conformational change in the 225–257 loop.
The Open and Closed Conformations at the
Peroxidatic Site
The Coordination at the P Heme
Although the proximal coordination by His69 remains
unaltered in the mixed valence enzyme, the distal envi-
ronment of the heme changes dramatically. In the oxi-
dized state, the iron is coordinated by His69 and His85.
As anticipated from the analysis of Nie CCP structure,
coordination of His85 is lost upon activation and the
loop carrying this histidine residue moves to the dimer
interface, where it increases the interface surface fromhalf-reduced form is contoured at 1.5 s level, where s represents the rms electron density for the unit cell. Contours more than 1.4 A˚ from any of
the displayed atoms have been removed for clarity. Thin lines indicate hydrogen bonds.
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1121407 to 1723 A˚2 and reinforces its hydrophobic charac-
ter (Figures 3A–3C). This is consistent with the observa-
tion that the dimeric enzyme is required for the formation
of both the high spin state and enzyme activity (Gilmour
Figure 4. Hydrogen Bonding Interaction Pattern at the Heme Propi-
onate Groups in Bacterial CCPs
E heme corresponds to the high potential heme; P heme to the per-
oxidatic heme. A refers to the propionate A group; D to the D propi-
onate group. The black lines represent hydrogen bonds. Water mol-
ecules are identified by their number in the corresponding structure.et al., 1994). As described for Nie CCP (Shimizu et al.,
2001) and Psn CCP (form ‘‘out’’; Dias et al., 2004), the
‘‘out’’ conformation of the His-ligand loop is stabilized
by the Gly-Trp stacking motif with its dimer counterpart
(Figures 3B and 3C). The low temperature factor values
of the His-ligand loop (80–92) in the mixed valence struc-
ture (11.5 A˚2 compared with the overall average B factor
of 15.8 A˚2) contrast with the values of the oxidized struc-
ture (36.6 A˚2 compared with the overall average B factor
of 34.8 A˚2) suggest that the ‘‘out’’ conformation of this
loop is greatly stabilized at the dimer interface. We pro-
pose that this need to stabilize the ‘‘out’’ conformation of
this loop might explain the common observation that
bacterial CCP’s are dimers.
Despite the ‘‘out’’ conformation of the His-ligand loop,
the absorbance spectra of the mixed valence Pap CCP
crystals at 100K does not show the 630 nm charge trans-
fer band expected for a high spin heme. This is consis-
tent with partial loss of the 630 nm band as the mixed va-
lence enzyme is cooled from room temperature to 4ºC
and the absence of a high spin signal in EPR experi-
ments (Gilmour et al., 1993). Our crystallographic stud-
ies show conclusively that the low spin state observed
at 100K is not associated with the coordination of a
strong field protein ligand but rather with a water mole-
cule. Although water is normally regarded as a weak
field ligand that promotes a high spin state at iron, there
are precedents for low spin states. Thus, although
freshly prepared yeast CCP has a pentacoordinate high
spin structure that is maintained at lower temperatures
(Yonetani and Anni, 1987), aged preparations and prep-
arations frozen without a glassing agent show mixtures
of high and low spin states which include states with
water coordination. Ferrer et al. (1994) showed that the
D235N proximal heme side mutant of yeast CCP was
hexacoordinate and low spin with a distal water ligand.
We propose that, in PapCCP, the energy of the water:Fe
coordination is close to a crossover point between spin
states and that the water coordination becomes low
spin in character at lower temperatures.
The movement of the His-ligand loop away from the
P heme site leaves a hydrated cavity, into which the sub-
strate can diffuse. The incorporation of residues from
the 105–132 region in the newly formed active site leads
to changes in the general environment of the P heme and
the specific amino acid side chains that reside there.
Some of the residues (Phe107, Gln118, Pro122, Glu128,
and Met129) present in the mixed valence P heme site
are likely to play a direct or indirect role in catalysis.
These five residues are strictly conserved among bacte-
rial CCPs (Figure 2). The topology of the active site is very
similar to that ofNie CCP and is shown in Figure 3C. This
arrangement does not share common features with
yeast CCP active site, which contains a key histidine res-
idue involved in catalysis. In the mixed valence enzyme,
the P heme iron is coordinated with a water molecule
that is hydrogen bonded to Gln118 and Glu128. Shimizu
et al. (2001) have proposed that the equivalent of Glu128
in Nie CCP is a candidate to promote the heterolytic
cleavage of the O-O bond of hydrogen peroxide as it lies
3.0 A˚ from the bound water molecule. In a site-directed
mutagenesis study on horseradish peroxidase, Tanaka
et al. (1997) showed that a glutamate residue at the po-
sition of the histidine could partially substitute for the
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113histidine in catalysis. Also, Shimizu et al. (2001) have
noted that chloroperoxidase contains a glutamate at the
active site in an equivalent position to histidine in other
eukaryotic peroxidases. Thus, there may be similarities
between eukaryotic and prokaryotic peroxidases that
are not immediately apparent from their active site
arrangement.
The Heme Propionates
Substantial changes also take place at the propionate
groups of the P heme (Figure 4). The propionate A group
undergoes a rotation in which the hydrogen bonding
pattern with neighboring residues is altered. The double
hydrogen bond of the propionate A group with Arg260 is
retained in both redox structures, while the interaction
with the Asn103 side chain is lost upon activation, and
while that with the main chain Phe107 is gained. The un-
usual conformation of Phe107 probably derives from this
interaction with the propionate A group.
But the changes are even more pronounced at the
propionate D group. The only interaction present in the
resting state structure (with the backbone amide of
Trp108) is retained, and interactions with Arg92, Arg111,
and Phe107 are gained upon activation. Arg92 is already
part of the P heme neighborhood in the resting state
form, and its side chain simply rotates to interact with
the propionate D group. In contrast, the side chain of
Arg111 moves 6.5 A˚ to interact with propionate D as part
of the repositioning of the 105–132 region.
Tethered Domains, Domain-Domain Interface,
and the Calcium Binding Site
Tethered Cytochrome Domains
Cytochrome cd1 nitrite reductase and bacterial CCPs
(with the exception of Nie CCP) share similarities in
terms of their use of small redox proteins as electron do-
nors and their requirement for reduction at a ‘‘tethered’’
cytochrome c domain to achieve the activated confor-
mation of the enzymatic domain (Fu¨lo¨p et al., 2001). Al-
though this arrangement introduces an apparently
needless additional electron transfer step, the existence
of a tethered cytochrome domain and of a catalytically
inactive resting conformation ensures that the binding
of substrate does not occur until sufficient electrons
are available to reduce the bound peroxide to water (or
in the case of cytochrome cd1 to reduce oxygen to water
[Sjo¨gren and Hajdu, 2001]). This may prevent the partial
reduction of hydrogen peroxide to the highly damaging
hydroxyl radical species and will limit any radical forma-
tion on the protein side chains or heme macrocycle that
might lead to enzyme inactivation. Why should such
a logic not be applicable to the Nie CCP which is active
in the oxidized state (Arciero and Hooper, 1994)? The an-
swer to this question may be linked to bacterial lifestyle.
Pseudomonas and Paracoccus can grow and adapt to a
wide range of oxygen concentrations and alternative
electron acceptors. Cytochome c peroxidase is induced
under microaerophilic conditions, and this maybe as
a response to increased levels of reactive oxygen spe-
cies formed as a result of the ‘‘backing up’’ of electron
flow in the electron transport system. A ‘‘closed’’ en-
zyme conformation might be useful to avoid damage if
the supply of electrons to the peroxidase dries up. In
contrast,Nitrosomonas is an obligate aerobic chemoau-
totroph and must always have a respiratory electronflow to oxygen in order to support ATP production. We
can postulate, therefore, that the Nie CCP is never de-
prived of electrons and does not require the protective
feature of a closed conformation.
The Interface between Heme Domains
and the Calcium Binding Site
The domain interface in Pap CCP does not alter with
changing redox state and represents a relatively rigid
region connected through interactions via the calcium
binding site and the 105–133 loop in the oxidized en-
zyme, and the 225–257 loop in the mixed valence en-
zyme. The Fe-Fe distance (21 A˚) between the two heme
groups is unaltered by redox change in spite of the
changes that occur in these two loops, both of which
contribute to the domain interface. Gilmour et al.
(1995) had distinguished two binding sites for Ca2+ on
the basis of spectroscopic changes and ion specific-
ities. Occupancy of site II was required to mediate the
coordination switch at the P heme that followed electron
entry at the E heme. This site was low affinity in the
oxidized form (Kd 0.5 mM) but became high affinity (Kd
2.6 mM) in the mixed valence enzyme. Occupancy of
the site was also linked to dimerization of the protein.
Despite a careful search, only one site is detected in
the crystals, and that site at the domain interface is fully
occupied and identical in both the oxidized and mixed
valence forms. Since the two crystal structures exhibit
the open and closed conformations at the P heme as
predicted by spectroscopy, the Ca2+ site in the crystals
has the characteristics of site II described by Gilmour
et al. (1995). Although this Ca2+ is not at the dimer inter-
face, it does lie close to it, and this may explain the ob-
served linkage between redox state, dimerization, and
Ca2+ occupancy. The dimer interface surface area of
the mixed valence enzyme is 22% greater than that for
the oxidized enzyme, and this may explain both the
stronger affinity for Ca2+ in the mixed valence state and
the greater tendency of that state to dimerize. We can-
not explain the absence of a calcium site corresponding
to site I.
A Model of Activation Mechanism
Overall Activation Process
Following the binding of an electron donor near the
E heme, the activation process can be divided into three
steps: trigger of the conformational change by reduc-
tion of the E heme, transmission of the conformational
change to the vicinity of the P heme, and loss of the dis-
tal histidine ligation at the P heme. These steps are asso-
ciated with the large conformational changes involving
the flexible regions of Pap CCP in the oxidized state
that we have described.
Trigger of Structural Changes by the Reduction
of the E Heme Iron
Following the one-electron reduction at the E heme site,
changes occur at the propionate D group of the E heme.
The propionate D group undergoes a reorientation lead-
ing to the loss of the hydrogen bond with the Leu230
main chain amide (Figure 3D). The protonation state of
the propionate groups is of great importance since it de-
fines the hydrogen bonding pattern between the heme
and the protein. In certain small cytochromes c, the re-
duction of the heme has been shown to be linked to the
protonation of a propionate group (Leitch et al., 1984).
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associated with proton uptake at propionate D. This
redox-Bohr effect would modify the hydrogen bonding
pattern of the propionate D and may produce a reorien-
tation of the propionate D group (Figure 4) and the con-
sequent rotation of the conserved His275 residue that
we observe. We propose that this rearrangement trig-
gers the loss of the interaction between the propionate
D group and the Leu230 main chain, resulting in the re-
lease of the flexible 225–257 region and its movement
into the domain interface (Figures 3A and 3B). This first
conformational change is made energetically easier, as
this region (225–257) displays intrinsic high flexibility
(Figure 1) and is one of the most variable regions in Nie
CCP (Figure 2), in contrast to its conserved nature in
the other CCP’s. The equivalent residues in Nie CCP
share 25% identity with the Pap CCP sequence com-
pared to 46% for the whole sequence. In contrast, the
same region in the Pap and Psa sequences shows
65% identity compared to an overall sequence identity
of 61%. This suggests that the evolutionary pressure
that maintains this sequence in most of the bacterial
peroxidases is released in the Nie CCP because an acti-
vation mechanism is no longer required. A further contri-
bution to the trigger mechanism may come from the re-
lationship between the 225–257 region and residues
290–300, just following Met289, the axial ligand to the
E heme. In the mixed valence enzyme, three new hydro-
gen bonds are formed, which helps stabilize the 225–257
loop in its new position. It is, of course, difficult to deter-
mine cause and effect here, but this change may be trig-
gered by a small adjustment in the methionine coordina-
tion and fine tuning of the redox potential following
reduction of the iron.
The Movement of the 105–132 Region
We propose that the movement of the 225–257 loop at
the domain-domain interface leads to the motion of the
105–132 loop away from the domain interface to the
vicinity of the P heme site. The flexible 105–132 loop car-
ries a residue (Arg111), which is displaced from the
domain interface to the vicinity of propionate D of the
P heme and is likely to play a key role in the transmission
of the activation to the catalytic domain (Figures 1A, 1B,
3A, and 3B). A second arginine (92) which forms a hydro-
gen bond with the propionate D of the P heme is also
a good candidate and is conserved in all bacterial CCP
sequences except for Nie CCP (in which it is an isoleu-
cine). In the oxidized state, Arg92 lies close to the cal-
cium binding site and upon activation rotates to the
P heme site. It may be that the transmission is a synergis-
tic process involving several regions of the protein. The
high level of disorder in the 105–132 and 225–257 loops
in the oxidized state is proposed to facilitate their struc-
tural changes and therefore the activation process.
The Loss of Histidine Ligation at the P Heme
The final stage of the activation process is proposed to
be the release of His85 from coordination of the P heme
iron and the movement of the His ligand loop to the di-
mer interface (Figures 3B and 3C). Gilmour et al. (1994)
showed that the high spin state (correlated with the
His ligand loop ‘‘out’’ conformation at room tempera-
ture) was enhanced by conditions (such as Ca2+, higher
ionic strength, and higher protein concentrations) which
favor dimer formation. Our observation that the Hisligand loops of the two subunits contribute to a hydro-
phobic interaction at the dimer interface agrees well
with the stabilization of the His loop ‘‘out’’ conformation
in the dimeric state. We propose that the trigger for this
movement of the His ligand is the conformational change
in the 105–132 loop, which alters the P heme environ-
ment particularly in the region of the heme propionates.
It is probable that the conformation of the His-ligand
loop treads a fine balance between factors destabilizing
the ‘‘in’’ conformation and factors stabilizing the ‘‘out’’
conformation. We note that the ‘‘in’’ conformation is an
aberrant form of the typical class I cytochrome c fold
(Fu¨lo¨p et al., 1995), which is normally a construction of
two halves, with the N-terminal portion of chain provid-
ing the proximal histidine as the fifth iron ligand and the
C-terminal portion providing the distal methionine as the
sixth iron ligand. In the oxidized CCP, the sixth iron li-
gand is His85, which is donated from the N-terminal re-
gion of the domain, and in order to achieve this contor-
tion, the chain must traverse to the distal side and then
return (Figure 1). In the conversion to the mixed valence
conformation, the structure reverts to a more typical
pattern for the cytochrome c fold, with the dissociation
of the distal histidine and its swinging back to the prox-
imal side of the heme group. The conventional class I cy-
tochrome c fold contains a distal methionine as a sixth
coordination ligand. Bacterial CCPs have a conserved
methionine (129; Figure 2), and it occupies a position rel-
ative to the heme attachment site in the amino acid se-
quence that is typical of a coordinating distal ligand
(Hu et al., 1997). And yet, intriguingly, this methionine
does not coordinate the iron but rather sits above the
heme plane adjacent to the conserved Glu128, which,
in turn, is hydrogen bonded to a water at the iron coor-
dination site. Clearly, this structural adaptation of the cy-
tochrome fold is a device to allow access to the iron of
the hydrogen peroxide, but that does not explain the
conserved nature of the methionine.
Comparison with Pseudomonas nautica
CCP Structures
Dias et al. (2004) solved two distinct crystal structures of
the oxidized form of Pseudomonas nautica CCP. One
was of the enzyme crystallized at pH 5.3 and the other
at pH 4.0 (Dias et al., 2002). Both crystal forms became
reduced during data collection at cryogenic tempera-
ture (100K). As mentioned above, we observed the
same phenomenon with oxidized Pap CCP crystals. De-
spite the original oxidized state of Psn CCP crystals, the
crystal form grown at pH 5.3 shows the His ligand of the
P heme in the ‘‘out’’ conformation. However, the second
crystal form, grown at pH 4.0, lacks the calcium and
shows the His ligand of the P heme in the ‘‘in’’ position.
These authors propose that these two crystal structures
provide information on the physiological transition be-
tween the inactive oxidized enzyme and the active mixed
valence enzyme. However, we believe that there are pro-
blems with this interpretation for the following reasons.
The propionate interaction pattern in the ‘‘out’’ structure
of Psn CCP is very different in some respects from those
of Pap CCP (Figure 4). Although the propionate A group
interacts with Arg246 (Arg260 in Pap CCP) and with
Asn89 (Asn103 in Pap CCP), the only interaction of
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115Table 1. Crystallographic Data Collection and Refinement Statistics
Resting State Mixed Valence
Data collection
Synchrotron, detector, and wavelength (A˚) ESRF ID14-2, ADSC Q4 CCD, 0.933 ESRF ID14-1, ADSC Q4 CCD, 0.934
Space group P21 P21212
Unit cell (a, b, c [A˚], b [º]) 78.8, 51.0, 167.9, 98.12 101.4, 141.2, 51.5
Resolution (A˚) 30–1.95 (2.02–1.95) 49–1.20 (1.24–1.20)
Observations 310,603 1,414,266
Unique reflections 85,916 212,598
I/s(I) 18.8 (1.7) 23.2 (1.7)
Rsym
a 0.060 (0.524) 0.067 (0.565)
Completeness (%) 88.7 (86.1) 92.6 (83.5)
VM/Solvent content (%) 2.2/43 2.2/44
Molecules per AU 4 2
Refinement
All nonhydrogen atoms 11,017 6,301
Water molecules 834 1,055
Other solvent molecules N/A 4 (ethylene glycol)
Rcryst
b 0.169 (0.239) 0.173 (0.268)
Reflections used 83,347 (1571) 203,984 (13,282)
Rfree
c 0.220 (0.262) 0.188 (0.285)
Reflections used 5,872 (182) 8,614 (574)
Rcryst (all data)
b 0.170 0.174
Mean temperature factor (A˚2) 35.0 18.8
Rmsd from ideal values
Bonds (A˚) 0.016 0.015
Angles (º) 1.6 1.6
DPI coordinate error (A˚) 0.18 0.04
Numbers in parentheses refer to values in the highest resolution shell.
a Rsym = SjShjIh,j 2 <Ih>j/SjSh<Ih>, where Ih,j is the jth observation of reflection h, and <Ih> is the mean intensity of that reflection.
b Rcryst = SkFobsj 2 jFcalck/SjFobsj, where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively.
c Rfree is equivalent to Rcryst for a randomly selected subset of reflections not used in the refinement.propionate D is with Trp94 (Trp108 in Pap CCP). No in-
teraction with arginine residues is displayed in this
structure.
The propionate interaction pattern in Psn CCP (form
‘‘out’’) suggests that its P heme environment is more
similar to the resting state Pap CCP structure that of the
mixed valence structure. We propose that, in Psn CCP
(form ‘‘out’’), the low crystallization pH value used had
artificially altered the propionate interaction pattern re-
sulting in the ‘‘out’’ conformation of the His-ligand loop.
However, the rest of the structure remains in the resting
state conformation, and the structural changes that we
describe here as essential for the activation process to
take place in Pap CCP have not occurred. Therefore
the structure described as active (Psn CCP form ‘‘out’’)
is the result of an experimental artifact resulting from
the low pH values used rather than the reduction pro-
cess that occurs during data collection. In any case we
would not expect such a reduction process to lead to
the large conformation change observed, because the
data were collected below the phase-transition temper-
ature at 100K (Weik et al., 2001a, 2001b).
A further area of conflict between the Psn structures
and those of Pap CCP and Nie CCP is in the region of
the domain interface. In the latter structures, this is rigid
and unaltered by redox change. The calcium binding site
is not altered, the position of Trp108 is unchanged and
the E heme iron-P heme iron distance is kept constant.
This is in sharp contrast with the conclusions drawn by
Dias et al. (2004) from the two Psn CCP structures.
These authors propose that a movement of the equiva-
lent of Trp108 creates an electron conduction route inthe ‘‘out’’ conformation that is absent in the ‘‘in’’ confor-
mation that lacks Ca2+. They claim that this reveals the
mechanism of the Ca2+-dependent ligand switch at the
P heme, which has been observed for both Psn and
Pap CCPs. However, since the ‘‘in’’ structure does not
bind Ca2+ when included in the crystallization solution,
we suggest that a more probable explanation is that the
low pH of 4 has disrupted the Ca2+ binding site, resulting
in nonphysiological conformational changes in the sur-
rounding region including the equivalent of Trp108.
Moreover, neither of the two Psn CCP crystal types can
be physiologically reduced, suggesting that they do not
correspond to physiologically relevant forms of the
enzyme.
Experimental Procedures
Crystallization
Pap CCP crystallizes in the oxidized state in two space groups (tri-
clinic and monoclinic). Only the monoclinic form gave good enough
diffraction data sets to solve the structure. Both crystal forms were
obtained with polyethylene glycol as the precipitating agent in the
presence of calcium chloride. An additive solution (0.1 M Tris-HCl
[pH 8.2], 0.05 M NaCl, 0.1 M urea) was used to decrease the nucle-
ation rate for the monoclinic form. The triclinic crystal was flash-
frozen in propane, while the monoclinic form needed an extensive
dehydration step prior to flash-freezing in liquid nitrogen to obtain
a processable diffraction pattern (for more details, see Echalier
et al. [2004]).
The in situ reduction by sodium ascorbate and diaminodurol of
fully oxidized crystals led to the loss of diffraction. This process
was associated with a change in the absorption spectrum to that
of the mixed valence state. This was consistent with conformational
changes upon reduction. Mixed valence Pap CCP crystals were
Structure
116obtained in the presence of ammonium sulfate as precipitating
agent, 10 mM calcium chloride, 0.05 M CAPS (pH 10.0), and reducing
agents (0.05 M sodium ascorbate and 0.2 mM riboflavin-50-mono-
phosphate) in a nitrogen-filled anaerobic cabinet (oxygen concen-
tration maintained below 1 ppm; Belle Technology). Prior to work
in the anaerobic glove-box, all the components used for the crystal-
lization experiments were purged with oxygen-free nitrogen for
20 min. The crystallization trays (Nextal) used to set up anaerobic
crystallization experiments were fitted with an air-tight sealing en-
abling the observation of the trays outside the glove box. Ethylene
glycol (7.5%) was used as an additive/cryoprotectant and improved
the size of the crystals. The pH of the crystallization solution was 7.9.
After opening a crystallization unit, the crystallization drop was
quickly coated with a thin layer of mineral oil to prevent oxidation.
Mixed valence crystals were directly flash-frozen in a nitrogen
stream.
Microspectrophotometry
The redox state of the crystals prior to and after X-ray data collection
was determined by absorbance spectroscopy on an off-line single
crystal microspectrophotometer at the ESRF (Bourgeois et al.,
2002). This instrument was equipped with a cryostream (Oxford Cry-
osystems Ltd.) maintaining a constant temperature of 100K. The ab-
sorption coefficient of the heme (e407 nm = 250,000 cm
21 M21 for the
oxidized protein [Goodhew et al., 1990]) is too high to be able to ac-
quire any data in this spectroscopic region. Therefore, absorbance
data were collected at the red end of the spectrum between 500
and 700 nm, which allows an assessment of the redox and spin state
of the hemes. Spectra collected on crystals using a xenon light
source (Oriel, Stratford; useful wavelength range: 400–850 nm) were
measured with a resolution of 60.4 nm. Depending on the intrinsic
quality of each spectrum, they were averaged to produce a satisfac-
tory absorbance spectrum. The dark current corresponding to the
electronic noise was measured, and the baseline correction was
done against air. The single-crystal absorbance spectra were com-
pared with the solution counterpart.
Spectrophotometry was used before data collection to confirm
the oxidized and mixed valence states of the crystals, respectively.
However, absorbance spectra taken on ‘‘oxidized’’ crystals after
data collection revealed that they were reduced by the X-rays (data
not shown). X-ray-induced reduction of Psn CCP was also reported
by Dias et al. (2004). Crystals of the mixed valence enzyme did not
show alteration of their absorbance spectra after X-ray data collec-
tion. All data collections on the crystals were performed at 100K.
This temperature limits any conformational change since it is well
below the phase-transition temperature (Weik et al., 2001a, 2001b).
Thus, although the crystals of the oxidized form became reduced
during data collection, we are confident that this was localized
only to the E heme iron. No further conformational changes could
occur, and therefore the derived structure is a faithful representation
of the oxidized state.
Data Collection and Processing
X-ray diffraction data for the oxidized and mixed valence state crys-
tals were collected on beamlines ID14-EH2 and ID14-EH1 at the
ESRF (Grenoble, France), respectively. All data were indexed, inte-
grated, and scaled using the HKL suite of programs (Otwinowski
and Minor, 1997), and the statistics are given in Table 1. The rest
of the structure factors calculations were performed using programs
supported by CCP4 (CCP4, 1994).
Structure Determination and Refinement
Molecular replacement (AmoRe; Navaza, 1994) was performed us-
ing the dimer coordinates of the partially built model of the triclinic
form of Pap CCP (Echalier et al., 2004) for both redox states. Two
clear solutions emerged in the oxidized state case corresponding
to two dimers in the crystallographic asymmetric unit. The top-
ranked solution in the mixed valence state represented the single di-
mer in the asymmetric unit.
The initial models were built into the electron density using Arp/
wARP (Perrakis et al., 1999) after 40 cycles of Refmac refinement
(Murshudov et al., 1999). Further refinement of the structures
was carried out by alternate cycles of CNS (Bru¨nger et al., 1998)
using noncrystallographic symmetry (NCS) restrains and manual re-building in O (Jones et al., 1991). The last steps of refinement were
carried out using Refmac where all the NCS restrains were released.
Refinement statistics are given in Table 1. The geometry of the
models was analyzed by Procheck (Laskowski et al., 1993), which
revealed that Phe274 was in the disallowed region of the Ramachan-
dran plot in both structures, and Phe107 is in the disallowed region in
the mixed valence structure. These residues lie in well-defined re-
gions. The polypeptide chains were traceable from residue 4, and
the mixed valence state structure contains all remaining amino acid
residues, the two covalent heme groups, and the calcium binding
site for both chains. Residues 32–35 and 128–129 in all the four sub-
units and additionally residues 237 to 243 in chains B and D could not
be located in the electron density map due to disorder in the oxi-
dized structure.
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